Tyrosine kinase (TK) proteins play a central role in cellular behavior and development of animals. The expansion of this superfamily is regarded as a key event in the evolution of the complex signaling pathways and gene networks of metazoans and is a prominent example of how shuffling of protein modules may generate molecular novelties. Using the intron/exon structure within the TK domain (TK intron code) as a complementary tool for the assignment of orthology and paralogy, we identified and studied the 118 TK proteins of the amphioxus Branchiostoma floridae genome to elucidate TK gene family evolution in metazoans and chordates in particular. Unlike all characterized metazoans to date, amphioxus has members of all known widespread TK families, with not a single loss. Putting amphioxus TKs in an evolutionary context, including new data from the cnidarian Nematostella vectensis, the echinoderm Strongylocentrotus purpuratus, and the ascidian Ciona intestinalis, we suggest new evolutionary histories for different TK families and draw a new global picture of gene loss/gain in the different phyla. Surprisingly, our survey also detected an unprecedented expansion of a group of closely related TK families, including TIE, FGFR, PDGFR, and RET, due most probably to massive gene duplication and exon shuffling. Based on their highly similar intron/exon structure at the TK domain, we suggest that this group of TK families constitute a superfamily of TK proteins, which we termed EXpanding TK, after their seemingly unique propensity to gene duplication and exon shuffling, not only in amphioxus but also across all metazoan groups. Due to this extreme tendency to both retention and expansion of TK genes, amphioxus harbors the richest and most diverse TK repertoire among all metazoans studied so far, retaining most of the gene complement of its ancestors, but having evolved its own repertoire of genetic novelties.
Introduction
The signaling and regulatory networks involved in metazoan development and cellular behavior have an intrinsic modular structure (Bhattacharyya et al. 2006; Davidson and Erwin 2006) , in which proteins with modular domains play a key role in interconnecting the different units (Pawson 1995) . Although many of these proteins are unique to metazoans, few of their component domains are so; much of this protein richness has been achieved by modular recombination of preexisting domains in metazoan ancestors (Müller et al. 1999; Patthy 2003; Benito-Gutierrez et al. 2006) . A paradigmatic example is the superfamily of tyrosine kinase (TK) proteins. TKs drive phosphorylation events through transfer of phosphate from adenosine triphosphate to tyrosine residues of their target proteins, thereby regulating the target's activity. Although TKs have also been predicted in plants and amoebas (Miranda-Saavedra and Burton 2007) , TKs have only expanded and diversified in metazoans and their closest unicellular relatives, the choanoflagellates (King and Carroll 2001) . In metazoans, TKs are involved in several aspects of animal development, tissue differentiation, immune responses, and cell death (Geer et al. 1994; Hunter 1998; Hubbard and Till 2000) . They are essential components of one of the few signal transduction pathways conserved throughout metazoans (Pires-daSilva and Sommer 2003) . Besides, TKs have broad medical importance with mutation or malfunction of TKs responsible for numerous human malignancies and implicated in a wide variety of congenital disorders (Hunter 1998; Chang et al. 2007; Nelson and Grandis 2007) .
TK proteins typically consist of a TK domain, responsible for the Tyr phosphorylation of target proteins, and a variable array of other protein motifs, which interact with various components in the signal transduction pathways (Hubbard and Till 2000) . Based on sequence similarity and type and number of secondary domains (i.e., those functional protein domains different from the TK domain), TKs have been classified into several protein families grouped into 2 major classes, nonreceptor TKs and receptor TKs (RTKs). For instance, the human genome contains 90 TK genes, 32 nonreceptor TKs grouped in 10 families and 58 RTKs in 19 families (Robinson et al. 2000) . However, accurate classification, and thus evolutionary insights, is often hampered by the high degree of similarity of the kinase domain, distinct evolutionary rates, and diversity of protein domain organization in given clades. Here we demonstrate the utility of intron positions within the TK domain (which we termed ''intron code''), which greatly simplifies and improves assignment of TK domains to known TK families.
Unlike all previously studied bilaterians that have lost individual TK families, amphioxus contains representatives of all widespread TK families, including all 29 vertebrate families, underscoring the ancestral features of the amphioxus genome (Putnam et al. 2008) . On the other hand, we unveiled a massive expansion of some closely related TK families, expanded by means of extensive gene duplication and domain shuffling over millions of years of amphioxus evolution. This retention and expansion have yielded the richest TK protein complement so far known in a single species.
Methods

Search for Previously Described TKs
For each described vertebrate family (Robinson et al. 2000) and the invertebrate-specific SHARK family (Chan et al. 1994) , we blasted the whole protein sequence of each representative against the amphioxus genome JGI v1.0, using TBlastN online at the JGI Web page (http://genome. jgi-psf.org/Brafl1/Brafl1.home.html). We analyzed the best hits covering most of the full-length query protein. We then downloaded the corresponding genomic region (for both haplotype scaffolds, if present) and built different gene models (containing information for intron/exon structure and, when possible, start and stop codons) using various software: GenomeScan (Yeh et al. 2001) , GeneID (Parra et al. 2000) , GeneMarkHMM (Lukashin and Borodovsky 1998) , and GeneWise2 (Birney and Durbin 2000) . We compared these predictions with expressed sequence tags (ESTs) and the JGI automatic gene prediction, when available. With all this information, we manually built the best possible model considering the orthologous genes as best guides. Finally, to confirm orthology, we used reciprocal Blast and specific intron pattern similarity (Irimia and Roy 2008) . All scaffold positions and JGI gene prediction IDs (when available) for ''classical'' TK genes are provided in supplementary table SM1 (Supplementary Material online).
Full TK Complement
In order to find all potential genes containing TK domains in the genome, we blasted 6 TK domains from different human families (from the genes ABL1, BTK, FGFR1, INSR, MUSK, and ROS1) against the amphioxus genome using TBlastN under highly unrestrictive conditions (e value 5 100) and then filtered for redundancy. With this approach, we obtained 668 unique hits in 326 scaffolds. We then filtered these hits to eliminate Ser/Thr kinases, using Prosite (Hulo et al. 2006) and National Center for Biotechnology Information (NCBI) Conserved Domain (MarchlerBauer et al. 2007 ) Web pages.
For the remaining 415 hits, we built consensus gene models using gene predictions obtained from GenomeScan (Yeh et al. 2001) , GeneID (Parra et al. 2000) , GeneMarkHMM (Lukashin and Borodovsky 1998) , and GeneWise2 (Birney and Durbin 2000) software and comparing with ESTs and the JGI automatic gene prediction when available and using information from both haplotypes when present. Finally, each predicted TK domain was aligned with previously confirmed TK domains; if necessary, gene models were carefully corrected manually to avoid spurious insertions or deletions, by taking advantage of the high sequence similarity and intron/exon structure conservation (Coghlan and Durbin 2007; Siegel et al. 2007 ).
Classification of these proteins was based on intron patterns within the TK domain and sequence similarity using standard phylogenetic methods. All genes found using the approach described in the previous section were also detected under this global approach. The complete set of TK domain sequences with annotated intron positions is given as supplementary file 1 (Supplementary Material online). Gene models without introns but with sequence similarity to other intron-containing TKs were considered processed pseudogenes (Vanin 1985; D'Errico et al. 2004; Irimia and Roy 2008) . It should be noted that due to the draft nature of the amphioxus genome assembly, some TK genes may have not been detected in our survey.
Analysis of Intron/Exon Structures and TK Intron Code Comparisons
Nucleotide coordinates for the start and end of each exon were extracted from gene annotations from different software and databases (NCBI or JGI) using custom Perl scripts. With these coordinates, it is possible to calculate the nucleotide length of each exon and the codon reading frame and therefore calculate the position and phase of each intron (an intron is in phase 0, 1, and 2 if it falls before the first, second, and third bases of a codon, respectively). Once the position and phase of each intron was obtained, we used Perl scripts modified from scripts provided to us by Scott W. Roy to map these positions onto protein-level alignments of the TK domain of all TK genes analyzed. These positions/ phases thus define the ''TK intron code'' of a given TK, which may be then compared across different genes. An example is provided in with intron positions indicated by digits corresponding to the phase of the intron located in between the 2 surrounding amino acids (in phase 0 introns) or after the amino acid that the intron is disrupting (in phase 1 and 2 introns). If 2 introns with the same phase fall in homologous positions of the alignment of 2 different TK domains (in an ungapped and relatively well-conserved region of the alignment), we consider that this intron position is conserved between the 2 TK domains. We can thus compare intron codes of 2 TK genes by comparing all intron positions from the 2 genes in this way (for further information and examples, see supplementary file 2, Supplementary Material online).
Based on TK intron code conservation, we defined 3 groups: if .70% (e.g., 5/7 or more) of intron positions of both intron codes are coincident, we consider that the intron codes are similar or analogous, consistent with these TK domains belonging to the same TK family or superfamily; on the other hand, if ,30% of intron positions are shared, TK intron codes would be inconsistent with the 2 TK domains being similar; finally, intermediate values may indicate close phylogenetic relationship between different TK families (e.g., NOK and EXTK families or ALK and AATYK). It should be noted that intron position conservation may vary widely across lineages; therefore, these cutoffs are only valid for comparing species with little intron loss/gain. Importantly, considering that TK domains usually comprise 270 amino acids and that there are 3 possible intron phases, the probability of an intron from 2 different TK domains falling in the homologous position by chance is ;0.001; however, the probability of, for instance, 4 out of 5 introns of 2 TK domains falling in the homologous positions (as in the case of the human SYK protein in fig. 2B ) is ,10 À10 . Finally, the diagnostic relevance of particular introns is not equivalent as some intron positions are more conserved than others. For instance, the last intron in phase 1 in 10/19 RTKs is likely the same intron position. On the other hand, most introns are unique to specific TK families, and thus, they have higher diagnostic importance.
Phylogenetic Analysis TK sequences from Anopheles gambiae (mosquito), Ciona intestinalis (sea squirt), Drosophila melanogaster FIG. 1.-TK intron codes schematic representation of intron/exon structures within the TK domains (TK intron codes) of the different widespread TK families in metazoans. Each family is represented by one human member (in parentheses), except in the case of the SHARK and SFK families, for which the single amphioxus orthologs are shown. All the members of a given family show very similar intron codes within and between species. Red bars correspond to positions of phase 0 introns, green to phase 1 introns, and blue bars to phase 2 introns. The hydrophilic stretch of PD/VEGFR is not depicted, and the position in the TK domain is represented by a gap (//). x axis corresponds to the relative position of an intron along the alignment of all represented TK domains using ClustalW with default parameters.
(fruit fly), Homo sapiens (human), and Takifugu rubripes (pufferfish) were collected from the Ensembl (http://www. ensembl.org) and NCBI (http://www.ncbi.nlm.nih.gov) databases following published GenBank accession numbers (Robinson et al. 2000; Shiu and Li 2004) . Strongylocentrotus purpuratus (purple sea urchin) sequences (Bradham et al. 2006) were downloaded from http://kinase.com. Monosiga brevicollis sequences were obtained by blasting the orthologous genes previously described in Monosiga ovata (King and Carroll 2001) . TK domain amino acid sequences were aligned using ClustalW (Higgins et al. 1996) and manually reviewed. Bayesian inference (BI) trees were inferred using MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) , with the model recommended by ProtTest 1.4 (Drummond and Strimmer 2001; Guindon and Gascuel 2003; Abascal et al. 2005) under the Akaike information and the Bayesian information criterions (we used WAG þ C þ I model for the SRC, SFK, and SRC families and WAG þ C model for the PDVEGFR and FGFR families and the SHARK and SYK families). Two independent runs were performed, each with 4 chains. For convention, convergence was reached when the value for the standard deviation of split frequencies stayed below 0.01. Burn-in was determined by plotting parameters across all runs for a given analysis: all trees prior to stationarity and convergence were discarded, and consensus trees were calculated for the remaining trees. In total, we used 2 MrBayes runs of 2,000,000 generations each and 350,000 generation burn-in for the SHARK and SYK families' analysis (1,650,000 postburn-in trees); 2 MrBayes runs of 5,500,000 generations each and 4,165,000 generation burn-in for the PDVEGFR and FGFR families' analysis (1,335,000 postburn-in trees); and 2 MrBayes runs of 8,250,000 generations each and 6,895,000 generation burn-in for the SRC, SFK, and SRC families' analysis (1,355,000 postburn-in trees).
Maximum likelihood (ML) analyses were performed using RAxML version 7.0.3 (Stamatakis 2006) with the model recommended by ProtTest, 1,000 bootstrap replicates and the rapid Bootstrapping algorithm. Phylogenetic trees obtained using ML had topologies consistent with those obtained by BI (data not shown).
Results and Discussion
TK Intron Code as Signature of Orthology and Paralogy
We have studied intron positions and phases within the TK domains (;270 amino acids in length) of the different members of all TK families in mammals. Despite the high similarity at the amino acidic level, the intron/exon structures were strikingly different among most of the different TK families, with generally fewer than 2 intron positions in common ( fig. 1) , with the exception of few TK families (e.g., ALK-AATYK). Thus, the pattern of intron positions/phases within the TK domain constitutes an intron code that contains valuable information about TK family membership.
Remarkably, the highly divergent TK intron codes observed among the different families allow for clear assignment of a given TK protein to a particular TK family (or small group of highly related TK families). Furthermore, as expected by the low rates of intron loss/gain in orthologous genes from cnidarians to mammals in the deuterostome line (Roy et al. 2003; Sullivan et al. 2006; Coulombe-Huntington and Majewski 2007; Putnam et al. 2007 Putnam et al. , 2008 , orthologous members of the different TK families can be easily identified by the sharing of TK intron codes across wide evolutionary times: whereas intron codes from different TK families in the same species differ in all or nearly all intron positions, TK intron codes from orthologs rarely differ by more than 1 or 2 positions. We applied this strategy as an additional complementary criterion for identification of specific family members in amphioxus and the cnidarian Nematostella vectensis and to assess evolutionary relationships between TK families across metazoans.
An illustrative example of the utility of TK intron codes is the study of the SYK and SHARK families ( fig. 2) . The vertebrate SYK family has a similar organization of protein domains to the invertebrate SHARK family (Chan et al. 1994; Ferrante et al. 1995) , and the 2 families have been considered to some extent counterparts (Shiu and Li 2004) . Using TK intron code comparisons, we easily identified bona fide members of both families in amphioxus, Nematostella, sea urchin, and Ciona ( fig. 2) , indicating a very early split of these families at the origin of metazoans (Steele et al. 1999 ) and reciprocal losses of the SHARK family in vertebrates and of the SYK family in Ecdysozoans. The intron code similarities/divergences between the SYK and SHARK members ( fig. 2B ) are in agreement with classical phylogenetic analysis ( fig. 2A) .
Importantly, the intron code constitutes a qualitative homology identifier. Homology assignment by intron code similarity should be at least as reliable as those by standard phylogenetic methods, based on posterior probabilities. In cases in which the TK domain sequence does not provide enough phylogenetic information, or in cases of differential rates of sequence evolution, TK intron code helps to overcome these problems (see ''BRK and SRC Families of Nonreceptor TK'' for an example). Moreover, similarities in the TK intron code may indicate close phylogenetic relationship between different families, as in the case of MET and AXL or ALK and AATYK ( fig. 1 ). On the other hand, for highly related groups of TK families that share the same intron code, only standard phylogenetic methods would allow for further   FIG. 2. -Example of the use of TK intron codes in phylogenetic classification (A) Phylogenetic analyses of the SYK and SHARK families. Bayesian phylogenetic tree of SHARK and SYK/ZAP70 genes from several metazoan species using the TK domain sequence, estimated under the WAG þ C model (2 MrBayes runs of 2,000,000 generations each; 350,000 generation burn-in; 4 chains per run). ABL kinases were used as outgroups. Ag, Anopheles gambiae; Bf, Branchiostoma floridae; Ci, Ciona intestinalis; Dm, Drosophila melanogaster; Hs, Homo sapiens; Nv, Nematostella vectensis; and Sp, Strongylocentrotus purpuratus. (B) Intron codes for the SYK/ZAP70 and SHARK families. Each intron position and phase is indicated by bold numbers. Blue: SYK/ZAP70 specific introns and purple: SHARK specific introns. Bf, B. floridae; Ci, C. intestinalis; Hs, H. sapiens; and Nv, N. vectensis. CiZap70 was not included in the alignment because it has lost all the introns within the TK domain. assignment. Therefore, the TK intron code is a useful tool to complement standard phylogenetic analysis.
Nonetheless, the utility of the intron code can go beyond the confirmation of phylogenetic analyses. Intron positions can also be used to improve protein annotations (Irimia and Roy 2008) , and intron codes are especially useful when only the TK domains can be confidently predicted from the genome sequence, for instance, if no expression data are available, as is increasingly common with the explosion of genomic sequencing projects.
Amphioxus Has Members of All Widespread TK Families
We identified and annotated (see Methods) members of all widespread receptor and nonreceptor TK families previously described in vertebrates and protostomes in the amphioxus genome (table 1, fig. 3 ). The domain organization of the amphioxus counterparts always matches the domain organization of the multiple members in vertebrates ( fig. 3 ).
As expected from its nonduplicated genome, amphioxus possesses single members of most families, although it shows striking lineage-specific expansions (table 1) . Importantly, amphioxus is the only known metazoan that has members of all widespread TK families ( fig. 3 ).
Complex TK Repertoire at the Origin of Metazoans
We have also identified members of most TK families in the genome of the cnidarian N. vectensis ( fig. 3 ). This high complexity at the base of the metazoans is in consonance with previous reports for other important developmental genes and networks (Kusserow et al. 2005; Miller et al. 2005; Matus et al. 2006 Matus et al. , 2008 . However, despite this high complexity, Nematostella has some notable absences, such as MUSK, MET, EGFR, AXL, ALK, AA-TYK, TIE, ROS, and RET. Interestingly, most of these genes are required for the development of complex organic systems, such as the nervous, circulatory, or immune systems (Sato et al. 1995; Alroy and Yarden 1997; Gaozza et al. 1997; Wang et al. 2002; Pulford et al. 2004; Bradham et al. 2006; Lemke 2006; Runeberg-Roos and Saarma 2007; Kim and Burden 2008) , thus suggesting that the origin of these families could have played a role in the evolution of organismal complexity through bilaterian evolution.
Slow-Evolving Genomes Clarify the Evolutionary Relationships of Specific TK Families BRK and SRC Families of Nonreceptor TKs
The BRK family has been tightly linked to breast cancer (Mitchell et al. 1994; Barker et al. 1997 ) but is also involved in normal development of the pancreas and small intestine (Haegebarth et al. 2006; Akerblom et al. 2007 ). On the other hand, SRC family members regulate several cellular processes, such as cell division, adhesion, and motility, and have also been associated with different types of cancer (Thomas and Brugge 1997) . Both BRK and SRC families have high sequence similarity and share the same protein domain organization (one SH3 and one SH2 domain, in addition to the TK domain), making the classification of members of these families relatively difficult; however, their TK intron codes allow for a clear distinction ( fig. 1 and supplementary fig. SM1 [Supplementary Material online]) (Serfas and Tyner 2003) . Amphioxus BRK and SRC families consist of 1 and 2 members, respectively (plus 1 BRK and 3 SRC pseudogenic copies). Of the 2 SRC related members, one is the ancestral ortholog of both human SRC families (BfSRCA/B), whereas the other amphioxus member (BfSFK1) groups with the nonchordate genes in the phylogenetic analysis ( fig. 4A ).
In the cnidarian N. vectensis, we found 3 genes in tandem. One of the genes seems to be a member of the BRK family and another one appears basal to all SRC-related genes (the SRCA/B genes and the invertebrate SRC-like genes, red and yellow groups, respectively, in fig. 4A ); the phylogenetic position of the third gene is not conclusive (fig. 4A) We suggest that only an SFK/BRK gene existed in the metazoan ancestor and that this gene was subsequently duplicated in tandem giving rise to an SFK and a BRK gene. Later, in chordates, an SFK gene was duplicated and one of the copies evolved into an ancestral SRC gene, ancestor of BfSRCA/B, and the vertebrate SRCA and SRCB families. Finally, the SFK family was lost both in the ancestor of vertebrates and ascidians but maintained in amphioxus ( fig. 4B ).
FGFR and PDGFR/VEGFR Families of TK Receptors
FGFR receptors are an evolutionarily conserved and functionally diverse family with a broad range of biological functions in development and adult physiology (Itoh and Ornitz 2004) . The PDGFR/VEGFR family is characterized by a long stretch of hydrophilic amino acids in the middle of the TK domain, and its members play different roles in development and organogenesis, especially in endothelium development and angiogenesis and vasculogenesis (Yancopoulos et al. 2000; Alvarez et al. 2006) . Both FGFR and PDGFR/ VEGFR families of RTKs have characteristic arrays of immunogloblin (Ig) domains at the extracellular portion of the protein (fig. 3) . The amphioxus genome contains one canonical member of each FGFR and PDGFR/VEGFR families, the latest with an extracellular organization more similar to the vertebrate VEGFR submembers ( fig. 3) , as in the case of Ciona and sea urchin, which also have members more related to vertebrate VEGFRs by phylogenetic analyses ( fig. 5A ). Intriguingly, phylogenetic analyses place vertebrate PDGFRs at the base of the family ( fig. 5A ). However, a late origin of the PDGFR subfamily in the vertebrate lineage seems the most parsimonious explanation: if a PDGFR gene was already present in early deuterostomes, it would have to have been lost independently at least 3 times (sea urchin, ascidian, and amphioxus lineages). Instead, it is more likely that the PDGFR family has evolved at a higher evolutionary rate after its genesis by tandem duplication at the root of the vertebrate lineage, seeming a basal branch probably due to a long-branch attraction effect in the gene phylogeny ( fig. 5A ).
On the other hand, Nematostella genome does not contain any canonical member of the PDGFR/VEGFR family but it does contain 3 members basal to PDGFR/VEGFR. These members lack the typical hydrophilic stretch, suggesting that this stretch was later inserted in the bilaterian ancestors ( fig. 5B ).
Remarkable Lineage-Specific Expansions of Some TK Families in the Amphioxus Genome MET and AXL Families of TK Receptors MET proteins are required for liver development (Aoki et al. 1997; Gherardi et al. 2004 ) and macrophage differentiation (Wang et al. 2002) , whereas AXL plays important roles in development of the immune, vascular, and central nervous systems (Bradham et al. 2006) . Despite their different functions and extracellular domain organization, MET and AXL TK domains share a very similar intron code ( fig. 1) , indicating a close evolutionary relationship and a relatively recent split. In amphioxus, we identified a single canonical member of each of the AXL and MET families. However, in addition, we found 8 copies containing an MET-/AXL-related TK domain (similar by sequence and harboring an MET/AXL intron code), which we named Met/ Axl-related TKs, MARTKs. Remarkably, the extracellular portion of these extra copies contained a varied combination of protein domains, suggesting that they were probably generated by exon shuffling in the amphioxus lineage.
NOK Family of Oncogenic TK Receptors
The vertebrate NOK family (after novel oncogene kinase [Liu et al. 2004] ) has received little attention in the literature and has been nearly neglected from the evolutionary studies of TK proteins. Its cellular functions remain widely unknown, although it has been implicated with cancer (Liu et al. 2004) . We found 22 NOK-related genes in amphioxus, easily recognizable by a distinct TK intron code ( fig. 1 and supplementary fig. SM2 [Supplementary Material online]). However, in contrary to the mammalian protein, which does not show any recognizable extracellular domain, most of the amphioxus copies harbor a variety of extracellular domains ( fig. 6A) , again highlighting the propensity of the amphioxus genome for exon shuffling evolution. Remarkably, we also identified orthologs, with the characteristic NOK-like TK domains, in Nematostella, sea urchin, and Ciona genomes ( fig. 1) , an indication that this family predated the bilaterian origin and is highly conserved across metazoans.
TIE Family of TK Receptors
TIE members have been so far identified in vertebrates, sea urchin (Bradham et al. 2006) and Ciona (Shiu and Li 2004) . Despite the fact that the different members do not have identical extracellular organization in all deuterostomes, TIE-like proteins are characterized by combinations of 3 different protein domains: FN3 (fibronectin type III), Ig (immunoglobulin), and EGFs (epidermal growth factorlike domains). In amphioxus, we found 2 distinguishable TIE receptors, plus at least 5 extra copies with distinct   FIG. 4. -Proposed scenario for the evolution of the BRK and SRC gene families in metazoans. (A) Phylogenetic analysis of the SRC/SFK and BRK TK families. Bayesian phylogenetic tree of SRC, SFK, and BRK genes from several metazoan species using the TK domain sequences, estimated under WAG þ I þ C model (2 MrBayes runs of 8,250,000 generations each; 6,895,000 generation burn-in; 4 chains per run). CSK and ABL kinases were used as outgroups. Ag, Anopheles gambiae; Am, Asterina miniata; Bf, Branchiostoma floridae; Ce, Caenorhabditis elegans; Ci, Ciona intestinalis; Dm, Drosophila melanogaster; Hs, Homo sapiens; Nv, Nematostella vectensis; and Sp, Strongylocentrotus purpuratus. MbSFK like, Monosiga brevicollis; CiBRK1, CiBRK2, and CiBRK3 were previously published as SRC-Ci (Ciona specific). (B) An ancestral SFK/BRK gene (gray block) was duplicated in tandem at the root of the metazoan clade, giving rise to a BRK (green) and an SFK (yellow) gene. The ancestral organization in tandem (plus an extra lineage-specific duplication [olive green]) is still present in cnidarians. Along the echinoderm lineage, the SFK gene suffered an extensive expansion (up to 7 copies in sea urchin and at least 3 in starfish [Bradham et al. 2006] ). In the ancestral chordate, the SFK gene duplicated resulting in an SFK gene and a vertebrate-like SRCA/B gene (red, which lost one ancestral SFK intron). The SFK gene was lost in the olfactorian clade. At the root of the vertebrates, prior to the whole-genome duplications, the SRCA/B gained its vertebrate-specific intron and duplicated in tandem (Gu J and Gu X 2003) , subsequently generating the SRCA (pink) and SRCB (brown) families.
combinations of the characteristic extracellular domains of TIE proteins ( fig. 6B ). On the other hand, we have not been able to identify any TIE-like protein in the genome of N. vectensis, suggesting that the origin of the TIE family predates the origin of deuterostomes but is posterior to the split of cnidarians and the ancestor of deuterostomes.
Interestingly, TIE proteins are primarily involved in endothelium development (Sato et al. 1995) , a tissue which is specific to vertebrates. Thus, the early deuterostome origin of this family suggests that these proteins played other functions, perhaps in primitive deuterostome circulatory systems without real endothelium, being later recruited in endothelium evolution in vertebrates.
EXTK: A New Superfamily of Related TK Proteins with Widespread Tendency to Gene Duplication and Exon Shuffling across Metazoans
Our characterization of the TK domain intron code in 5 metazoan genomes trigger us to suggest that RET, PDGFR/ VEGFR, FGFR, and TIE families are very closely related and originated early in metazoan evolution from a single gene that harbor a unique 7-intron code in the TK domain (supplementary fig. SM2 , Supplementary Material online). Further duplications and exon shuffling followed by specific TK intron losses in the lineage to deuterostomes accounted for the great diversification in these TK families.
Strikingly, the amphioxus genome contains more than 50 genes with this distinct TK domain, the largest expansion of TKs described so far (for comparison, humans have 15 members of these superfamily, after 2 rounds of wholegenome duplication, table 1). Appealingly, independent expansions of these families have also been reported in all studied metazoan clades (although in numbers not comparable to amphioxus), generally referred to as FGFR-like expansions (Manning et al. 2002; Shiu and Li 2004; Bradham et al. 2006) . We thus propose a new superfamily of TK proteins, related by early gene duplication in metazoans, which we name EXTK (from EXpanding TKs). Bayesian phylogenetic tree of FGFR and PDGFR/VEGFR genes from several metazoan species using the TK domain sequence, estimated under WAG þ I þ C model (2 MrBayes runs of 5,500,000 generations each; 4,165,000 generation burn-in; 4 chains per run). SRCA/B members from amphioxus and human were used as outgroups. NvEXTK and SpEXTK were previously considered as fast-evolving FGFR members. (We suggest that they are indeed members of the EXTK superfamily, not necessarily more related to FGFR than the other members of the superfamily.) CiPD-VEGFR, SpPD-VEGFRa, SpPD-VEGFRb, NvPD-VEGFRa, NvPD-VEGFRb, NvPD-VEGFRc, SpFGFR, SpEXTK, and NvEXTK were previously published as CiVEGFR, SpVEGFR7, SpVEGFR10, NvVEGFRa, NvVEGFRb, NvVEGFR16, SpFGFR1, SpFGFR2, and NvFGFRc, respectively. Bf, Branchiostoma floridae; Ci, Ciona intestinalis; Hs, Homo sapiens; Nv, Nematostella vectensis; and Sp, Strongylocentrotus purpuratus. (B) The FGFR (yellow) and PDGFR/VEGFR (dark blue) families had a common ancestor early in the evolution of metazoans (gray). Before the split of cnidarians and bilaterians, a gene duplication event generated FGFR-like and PDGFR/VEGFR-like genes. The PDGFR-/VEGFRlike gene did not have yet the distinct hydrophilic insertion in the TK domain, which was acquired later in early bilaterians. In the vertebrate lineage, before the whole-genome duplications, this PDGFR-/VEGFR-like gene duplicated in tandem giving rise to a PDGFR gene (turquoise) that followed a faster rate of sequence evolution.
Tyrosine Kinases in Amphioxus 1851
More intriguingly, MET, AXL, and NOK families are also related to EXTK members, both phylogenetically and by intron code (supplementary fig. SM2 , Supplementary Material online), and have also been expanded in amphioxus and in some other metazoans (Shiu and Li 2004) . Hence, we hypothesize that, for uncertain reasons, the EXTK and related groups are more prone to undergo gene duplication and exon shuffling than other TK families, thus providing a major substrate for evolutionary innovation.
Expansion of RET Processed Pseudogenes
Finally, in addition to a single canonical RET receptor, we identified in the amphioxus genome more than 100 processed pseudogenes (i.e., sequences with high similarity and analogous domain organization to the canonical RET gene but lacking introns, as a result of their origin by retrotranscription of an mRNA [Vanin 1985; D'Errico et al. 2004; Irimia and Roy 2008] ). We compared the adjacent regions of each copy and found that sequence conservation is limited to the coding region (data not shown), further supporting the origin by retroinsertion. Intriguingly, few of the copies include stop codons, the cadherin and TK domains are more conserved in sequence than the rest of the protein, and the average Ka/Ks ratio is ;0.5; these 3 data do not prove but strongly suggest that a fraction of these copies may be under negative purifying selection.
To our knowledge, this is the first report of such a massive expansion of any single processed pseudogene in metazoans, with a number of copies comparable to those of non-LTR transposable elements in the same species (Permanyer et al. 2006 ).
The TK Family in Amphioxus: Prototypical and Unique
In summary, our survey of TKs reveals 2 remarkable aspects of the amphioxus genome. First, it is the only genome where all the TK families are represented. It did not lose any of the genes present in the common ancestor of protostomes and deuterostomes, in contrast to vertebrates ( fig. 7) . These results underscore that amphioxus has retained most of the components of a prototypical chordate structure in its genome as well as in its body plan . The TK gene superfamily adds further arguments to the use of amphioxus genes in comparative studies as the reference clade for the origin of chordates and as a simple model system for vertebrates.
However, a second and perhaps more surprising and challenging feature of the amphioxus genome is its high degree of gene creation and expansion. The unprecedentedly large expansion of the EXTK and related families in amphioxus compared with all other studied metazoans (57 EXTKs and 22 NOKs, compared with, for instance, 15 EXTKs and 1 NOK in humans; table 1) by gene duplication and exon shuffling, and of the RET receptor by retrointegration, may give future insights into the mechanisms of genome plasticity.
Due to these 2 features, the extreme tendency to gene retention and expansion, amphioxus harbors the richest TK repertoire among all metazoans studied so far. Amphioxus, widely considered an evolutionarily static organism, a living fossil, has not only retained most of the gene complement of its ancestors but has dramatically evolved its own repertoire of genetic novelties.
Supplementary Material
Supplementary table SM1, files 1 and 2, and figures SM1 and SM2 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
